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ABSTRACT
FtsA is an essential cell division protein which is 
synthesized in minute amounts in Escherichia coli. To 
study the effects of overexpressing ftsA on the 
phenotype of E . coli cells, DNA fragments encoding the 
ftsA gene were subcloned downstream of a lac or a tac 
promoter in two plasmids. High-level expression of the 
ftsA gene from these promoters inhibited normal cell 
septation and caused the cells to become long, 
nonseptate filaments. Continued overexpression of ftsA 
resulted in the filaments developing spherical bulges up 
to 4 urn in diameter. It is suggested that these bulges 
may emanate from septation sites because they were 
evenly spaced in relation to one another and to the cell 
poles. Observations of thin sections by electron 
microscopy demonstrated that these bulges contained 
small electron dense regions and large electron-lucent 
plate-like inclusions. A finding that the bulging 
filamentous cells contain more hexosamine per mass than 
control cells suggests that abnormal peptidoglycan 
synthesis might be occurring.
FtsA protein was isolated from ftsA-overexpressing 
cells for the purpose of raising monoclonal antibodies.
Mice were immunized with an FtsA fraction and their 
spleen cells were fused to Sp2/0-AG14 mouse myeloma 
cells. Hybrid cells were screened and two clones were 
positively identified as FtsA monoclonal antibody 
producers by enzyme-linked immunosorbant assays (ELISA) 
and Western blotting. The isolation of FtsA monoclonal 
antibodies provided a way to determine the average 
number of FtsA molecules per cell, that was between 50 
and 200. In contrast, the concentration of FtsA 
normalized to total cell protein was constant over a 
wide range of growth rates. This finding supports the 
hypothesis of FtsA protein, being a stoichiometric 
component in septation.
x
INTRODUCTION
Cell division in E. coli involves the coordination 
and regulation of several physiological growth 
processes. The dividing cell has increased length, mass 
and volume. The chromosome has replicated and
segregated into separate halves of the cell. The final 
step is the coordinated invagination of the three 
envelope layers (inner membrane, murein, outer membrane) 
at the center and then physical separation of the newly 
formed daughter cells. This last step is called 
septation and involves a change in the overall direction 
of cell wall synthesis from longitudinal to transverse.
At least 20 different genes have been shown to be 
involved in septation (Donachie et al., 1984; Donachie 
and Robinson, 1987). A number of genes that are 
essential for cell division have been mapped near the 2 
min. region of the E. coli genetic map (Donachie et al., 
1984; Bachmann, 1990). Mutations of these genes have 
been mainly identified as temperature sensitive (ts) 
lethal. The fts (filamentation temperature sensitive) 
phenotype is characterized by multichromosomal 
filamentous cell growth and eventual cell death when 
mutants are grown at the non-permissive temperature 
(Allen et al., 1974; Begg et al., 1985). Three genes in
2this 2 min. region, ftsZ(sulB), ftsA, and ftsQ encode 
proteins that probably form part of a core pathway 
required to initiate (ftsZ and ftsQ), form and complete 
septation (ftsA and ftsl). Although they have been 
hypothesized to act in a morphogenic pathway (Begg and 
Donachie, 1985), little is known about their specific 
functions or biochemical activities in septum formation.
The ftsZ, ftsQ and ftsA genes have been subcloned 
into plasmids and the DNA encoding the genes has been 
sequenced (Robinson et al., 1984; Yi and Lutkenhaus,
1985) . The DNA sequence analysis confirmed that these 
genes are closely linked, that there are no strong 
transcription terminators between them, and that 
promoters exist upstream of each of the genes (Robinson 
et al., 1984). Although the ftsA gene can be
independently expressed, the expression is poor when it
is subcloned in plasmids away from its normal
chromosomal location (Robinson et al., 1984). Recently, 
morphogenic and physiological studies (Taschner et al., 
1988), based on the production of constrictions and the 
amount of residual division after a temperature shift
from 28 C to 42 C, have suggested that the cell division 
genes function in the order FtsZ-FtsQ-FtsA. It is 
thought that the gene products are temporarily expressed 
either through transcriptional regulators or activation
3of the protein's biochemical functions. It is possible 
that both strategies are employed but current 
experimental evidences strongly favors protein 
activation as the primary temporal switch to septation.
The ftsZ gene is of great interest, since it acts 
earliest in the putative division pathway. The ftsZ84 
strain is a temperature sensitive mutant that forms 
multichromosomal nonseptate filaments lacking any 
persisting or newly initiated constrictions (Lutkenhaus 
et al., 1980). The ftsZ (sulB) gene has been cloned and 
sequenced (Robinson et al., 1984; Yi et al., 1985). The 
FtsZ protein has been identified as a 45 kDa cytoplasmic 
protein that may be membrane associated (Holland et al.,
1985) . Ward and Lutkenhaus have purified the FtsZ 
protein and made antibodies to it (Lutkenhaus et al.,
1986). They found that FtsZ protein is antigenically 
conserved in some procaryotes when extracts of the 
organisms were assayed by Western blotting. The E. coli 
ftsZ DNA probe hybridized only with DNA of closely 
related Enterobacteriaceae in Southern blot analysis. 
The fact that multicopy plasmids expressing the ftsZ 
gene can induce the minicell phenotype in other species, 
suggests that the E. coli FtsZ protein can function in 
other bacterial species as it does in E. coli (Corton 
and Lutkenhaus, 1987).
4The transcriptional organization of the ftsZ gene 
is complex with promoters situated in the coding 
sequences of the adjacent ftsA and ftsQ genes (Robinson, 
et al., 1984,; Sullivian, et al., 1984; Yi et al., 
1985). This finding suggests possible regulatory 
interactions among the products of the ftsA, ftsQ and 
ftsZ genes.
Septation occurs during a specific period in the 
cell cycle. One possibility that was tested is that 
expression of the ftsZ gene occurs only at a specific 
cell age. Using an ftsZ::lacZ operon fusion to link 
ftsZ gene expression with B-galactosidase synthesis, 
ftsZ expression was studied in synchronized E . coli 
cultures obtained by a nutritional shift-up. Consistent 
with a strict temporal expression, transcription of the 
ftsZ gene occurred at a constant rate only during a 
short part of the cell cycle (Robin et al., 1990).
It is possible that the FtsZ protein has different 
forms, only one of which participates in septation, and 
that posttranscriptional control allows expression of 
this activity at the appropriate cell age. 
Alternatively, the FtsZ protein may be subject to 
specific degradation during those parts of the cell 
cycle in which it is not needed. However, no
5instability of FtsZ was observed in maxicells (Holland 
et al., 1985; Robin et al., 1990).
The number of FtsZ molecules is approximately 
20,000 per cell and is invariable over 10-fold range of 
cell mass (Bi and Lutkenhaus, 1991; Pla et al., 1991). 
The quantity or activity of this protein dictates the 
frequency of cell division (Ward and Lutkenhaus, 1985; 
Bi and Lutkenhaus, 1990). Earlier septation and
formation of minicells have been observed when 
expression of the ftsZ gene was increased in the cell. 
Ward and Lutkenhaus (1984) found that a two to seven­
fold increase in rate of FtsZ synthesis caused an excess 
of polar division resulting in minicells. These
minicells were not formed at the expense of normal 
divisions, as they are in a minB minicell producing 
mutants, but as a consequence of the earlier initiation 
of the medial division of the cell. However,
overproduction of FtsZ in minB mutants does result in 
polar division producing more minicells (Ward and 
Lutkenhaus, 1984) . This finding supports a possible 
interaction between FtsZ and MinB. The minB locus 
contains three genes, designated mine, minD, and minE 
(de Boer et al., 1989). The products of the minC and 
minD genes act in concert to inhibit cell septation and 
are topologically regulated by the minE gene product.
6The MinCD inhibitor with MinE acts selectively at the 
poles; however, when MinCD is in excess (without MinE), 
it can inhibit division at all sites, polar and 
nonpolar. This minicell phenotype, caused by mutation 
at the minB locus, presumably results from loss of an 
inhibitor function that makes the polar sites accessible 
to the division machinery. Deletion of the entire minB 
locus also results in the minicell phenotype, indicating 
that this locus is not an essential component of the 
septation machinery. Thus, the role of minB genes is to 
ensure that the septation machinery is not used at the 
poles and MinCD is a cell-division inhibitor that acts 
through protein interactions with the FtsZ protein.
The ftsQ gene has also been subcloned and its DNA 
sequenced (Yi and Lutkenhaus, 1985). Based on the 
nucleotide sequence, the molecular weight of FtsQ 
protein has been predicted to be 31.4 kDa (Robinson et 
al., 1986). The FtsQ protein has been overproduced and 
identified as a membrane protein in maxicells (Storts et 
al., 1989). The number of FtsQ protein molecules in E . 
coli has been estimated to be approximately 22 per cell 
(Carson et al., 1991). The FtsQ protein contains a 
hydrophobic segment (about 25 amino acids) which could 
function as a membrane-spanning segment (Vincente and 
Pla, 1992) . This transmembrane region of FtsQ has been
7hypothesized to localize FtsQ protein close to the outer 
surface of the cytoplasmic membrane. This prediction is 
supported„by alkaline-phosphatase fusion studies of FtsQ 
protein, which have revealed a small cytoplasmic domain 
(about 25 a.a.) and a large periplasmic domain (about 
225 a.a.) (Carson et al., 1991). Thus, it suggests that 
FtsQ protein may function to transfer a signal from the 
cytoplasm to the cell division proteins located in the 
periplasm. Although its function remains unknown, the 
FtsQ protein appears to be required throughout the whole 
process of septum formation. This is based on the 
rapidity with which cell division ceases upon shifting 
an ftsQ temperature-sensitive strain to a restrictive 
temperature (Begg and Donachie, 1980; Donachie et al., 
1984) .
The ftsA gene has also been sequenced (Robinson et 
al., 1984; Yi and Lutkenhaus, 1985). From the
nucleotide sequence (Robinson et al., 1984), a 45.4 kDa 
protein has been predicted. When FtsA protein synthesis 
was stopped by non-suppression of a nonsense ftsA 
mutation with a temperature-sensitive suppressor, cell 
division was immediately inhibited (Donachie et al., 
1979) . This in vivo genetic experiments suggests that 
new FtsA protein must be synthesized and/or modified for 
each round of cell septation (Donachie et al., 1979).
8Filamentous cells of ftsA mutants caused by culturing at 
a non-permissive temperature have a unique phenotypic 
characteristic. They contain slight indentations at the 
putative septum regions. This has been interpreted to 
suggest that the FtsA protein functions after the 
initiation of the septation process. Other genetic 
studies of ftsA mutants showed that FtsA protein is a 
structural component of the septum (Tormo, et al., 1980; 
1984; 1986). Cells with mutations in the ftsA gene, as 
well as the ftsZ and ftsQ genes, share the following 
important characteristics. First, they stop dividing 
almost immediately after a shift to restrictive 
conditions. Second, they continue to grow and to 
replicate and segregate their DNA normally at the 
restrictive temperature. Third, they recover the 
ability to divide when returned to the permissive 
temperature.
This study focused on the role of the ftsA gene 
product in E. coli cell division and makes the following 
major contribution. A. Overexpression of the ftsA gene 
in E. coli, as well as underexpression, resulted in the 
inhibition of cell septation. This overexpression was 
achieved by subcloning DNA fragments encoding the ftsA 
gene into plasmids, downstream either of a lac or a tac 
promoter. B. The effects of overexpressing ftsA on the
9morphology of E. coli were significant. Not only did 
ftsA overexpression result in long-filaments, but also 
these filaments developed large spherical bulges at 
putative septum sites. C. An observation that
overproduced FtsA protein, normally a membrane protein, 
forms cytoplasmic inclusion bodies allowed the isolation 
of a cellular fraction enriched in FtsA protein. This 
purified FtsA protein allowed the production of 
monoclonal antibodies specific to FtsA. D. Finally, 
using these FtsA-specific monoclonal antibodies, the 
number of FtsA molecules per cell was measured in E. 
coli cells grown at various rates in different media. 
The number of FtsA molecules per cell indicates that 
FtsA is indeed normally synthesized in small amounts and 
is likely a stoichiometric component involved in septum 
formation.
Chapter I
High-Level Expression of the FtsA Protein Inhibits Cell 
Septation in Escherichia coli K12.
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High-Level Expression of the FtsA Protein Inhibits Cell Septation 
in Escherichia coli K-12
H A IC H A O  W A N G  a n d  R A N D A L L  C. GAYDA*
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DNA fragments encoding the ftsA  gene were subcloned into plasmids downstream of a lac promoter or a tac 
promoter. These plasmid constructs, when transformed into wild-type and mutant strains, inhibited normal 
cell septation, causing the formation of long nonscptate filaments. This phenotype is due to overproduction of 
the FtsA protein.
T he/fxA  and f t s Q  genes, which are located  in the vicinity 
of  the 2-min region on the Escherichia coli K-12 genetic map, 
have been proven to be essential  to cell division in this 
bacterium (1, 8, 9). The  genes are closely linked in the order 
f t s Q , f t s A .  and f t s Z .  T here  are  promoters  upstream  of each 
gene,  but  there are no strong transcription terminators 
between the genes (13, 14, 18, 22). Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis o f  F tsA  protein that had 
been synthesized  in vivo from a plasmid (4, 21. 22) or 
bacteriophage lambda template (12) indicated a molecular  
weight of  46,000 to 50,000. The nucleotide sequence of  the 
f t s A  gene has been determ ined (13, 22), and from these data 
a molecular weight o f  45.300 has been predicted for the FtsA 
protein. D N A  sequence analysis also predicted the FtsQ  
protein to have a  molecular  weight o f  31,400 (12. 22). FtsQ 
product  has recently  been overproduced and the protein 
product  has been observed  on sodium dodecyl sulfate- 
polyacrylamide gels (17).
Based on the am ount o f  protein labeled in vivo (4, 21) and 
from reporter  gene analysis o f  the f ts A  p rom oters  (14, 22). 
the level o f  express ion  o f  the FtsA protein can be charac ter­
ized as low. To enhance  the level o f  FtsA protein synthesis 
to facilitate its purification, we subcloned a D N A  fragment 
containing both f ts A  and f tsQ  genes into plasmids that 
increase transcription o f  these genes.
A 2.2-kilobase (kb) fscoRI DNA fragment from plasmid 
pZAQ, encoding both f ts A  and  f tsQ  (21), was purified from a 
low-gelling, low-melting-temperature  agarose gel (Sea- 
plaque; FM C Marine Colloids) (16) and was initially su b ­
cloned into express ion  vector  pBH20 (Fig. 1). pBH20 is a 
pBR322 plasmid derivative that contains a lac p rom ote r  near 
the £ f « R I  restrict ion site (11). Recombinant plasmids con­
taining the/f.sA gene were isolated from carbenici ll in-resis- 
tant transformant cells o f  YC100, a temperature-sensit ive 
conditional  ftsA IO  mutant  (4), that grew at the nonpermis- 
sive tem perature  (42°C). These  YC100 t ransform ants  exhib­
ited two co lony phenotypes on yeast ex trac t- tryptone  (10) 
agar plates  containing 25 p.g of  carbenicill in per  ml: glisten­
ing colonies o f  large d iam eter  and opaque colonies of  small 
diameter. Restric tion enzym e digestions of  plasmid DNA 
and analys is by agarose gel electrophoresis dem onstra ted  
that plasmid DN A  isolated from cells producing the large
* C o rresp o n d in g  au th o r.
colonies had the 2.2-kb E c o R l  f ragment in an orientation 
inappropriate for lac p rom ote r  expression, while plasmid 
D N A  isolated from cells producing the small colonies co n ­
tained the 2.2-kb fragment in the correc t  orientat ion for lac 
p rom ote r  expression o f  the f ts A  and f ts Q  genes. The lat ter  
plasmid was designated p L H W l  (Fig. 1).
Observation o f  YC100 cells containing p L H W l  with a 
light microscope showed that  the cells were inhibited in cell 
division. Cells isolated from either  a bacterial  co lony or 
broth cultures of  yeast ex trac t- tryp tone  medium appeared  
primarily as long filaments, al though some cells of  normal  
length and short fi laments were also present (Fig. 2B). 
Introduction of  p L H W l  into wild- type E. coli AMC290 (4) 
resulted in the same phenotype as displayed in strain YC100. 
Colonies of  AMC290 carrying p L H W l  were much smaller 
in d iameter  at 37°C than colonies o f  AMC290 or AMC290 
(pBH20). Microscopic observation  o f  A M C 290(pLH W l)  re­
vealed long filamentous cells. Even when p L H W l  was 
t ransformed into the lacC  strain JM101. in which t ranscr ip ­
tion from the lac  p rom ote r  should be considerably inhibited, 
the cells were filamentous, though not to the same ex ten t  as 
in the case of  AMC290.
We also subcloned the 2.2-kb EcoRI fragment into ano ther  
express ion  vector, pKK223-3 (Pharmacia LKB) (3) (Fig. 1). 
This vector  contains a tac  p rom ote r  plus strong rR N A  
transcription terminators dow nstream  from a multicloning 
site. Plasmid D NA was isolated from transformant cells o f  a 
/uc7q-containing strain (JM101) that  was unable to grow on 
yeast ex tract-tryptone agar medium containing 1()-1 M iso- 
propyi-p-D-thiogalactopyranoside (IPTG: Sigma Chemical 
Co.). This plasmid, with the 2.2-kb LYoRI fragment in the 
correct  orientation for tac  express ion  of  f ts A  and f ts Q  (Fig. 
1). was designated pLH W 2. Transform ants  of  pLH W 2 D NA 
could not be obtained in ei ther  the f ts A  mutant (YC100) or  
wild-type (AMC290) bacteria, presumably  due to lethal 
effects resulting from uncontrolled expression o f  the f ts A  
gene. Microscopic examination of  JM101 cells containing 
pL H W 2 once again revealed their morphology to be long 
filaments.
Cell filament formation induced by plasmids p L H W l  and 
pL H W 2 could be due to overproduc tion  of  ei ther F tsA  or 
F tsQ proteins. Tw o additional  plasmids were cons tructed  to 
test the hypothesis that overexpress ion  o f  FtsA alone is the 
direct cause of  the phenotype.  The first construct  was made 
by deleting a 0.5-kh / / / u d l l l  DN A  fragment encoding the
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te rm in a to r seq u en ce s; B am , B a m H l;  S al, S a l  I; P st, P si I.
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F IG . 2. P h a se -c o n tra s t p h o to m icro g rap h s  show ing  m orpho logy  o f  E. co li w ith  an d  w ith o u t p la sm ids . (A) Y C100; (B) Y C lO O (pL H W l); (C) 
Y C 1 0 0 lp L H W 2 -l); (D) JM 101; (E) JM 101(pL H W 3); (F) JM 101(pL H W 3) a fte r  2 h w ith  I Q -1 M IP T G . B ar, 15 nm .
carboxy-terminal  end o f  the FtsA protein from pLH W 2 (Fig. 
1). The resulting plasmid was designated pL H W 2 -l .  T ran s­
formant cells o f  JM101, AMC290, and YC100 that contained 
plasmid p L H W 2 -l  appeared  exclusively as uniform short 
rods upon microscopic  examination (Fig. 2C).
The second co ns truc t  was made by subcloning the 2.4-kb 
B am  HI fragment from p L H W l  into the B ainH l site do w n ­
stream o f  the ta c  p rom ote r  in plasmid pKK223-3. This 
Bam  HI D N A  fragment encodes an intact/hsA gene, but only 
a 0.1-kb t runcated  f t s Q  gene.  The resulting plasmid, des ig­
nated pL H W 3, w as isolated from a transformant o f  an f ts A  
l a d q strain,  RGL201, that grew at  the nonpermissive tem­
perature . Stra in RGL201 was constructed  by introduction of  
the T a 5 ta d  t ransposon  (5) into strain YC100 to provide a 
la d *  gene.  Similarly, the inactivation o f  the f tsQ  gene in 
plasmid pL H W 3 was confirmed by utilizing an f ts Q  mutant 
containing a la d '1 gene,  RGL202. RGL202 had been con­
struc ted  by T r o n i c /  t ransposition into the f ts Q  mutant, 
T O E 1  (2). pL H W 3 D N A  transformants  of  RGL202 failed to 
grow at the nonpermiss ive temperature o f  42°C, whereas 
pL H W 2  transform ants  grew at 42°C. This confirmed that 
pLH W 3 did not specify the f ts Q  gene product.
Microscopic examination o f  RGL201 and JM101 cells 
containing plasmid pL H W 3 again revealed their  m orphology 
to be long filaments (Fig. 2E). M oreover,  strains containing 
either  p L H W 2  or pLHW3i developed large spherical  bulges 
at the filaments (Fig. 2F) after  2 h o f  increased transcription 
induced by 10-4 M IPTG. This observation  suggests that 
normal cell elongation may also be affected when F tsA  is 
highly expressed .
An additional  plasmid cons truct ,  designated p L H W 4, was 
made by subcloning the 0.5-kb / / i / id l l l  f ragment from 
p L H W l  into the H in d lll  site in plasmid pKK223-3 in the 
correct  orientation. The //rVidlll fragment is the de le ted  
DN A  fragment used to damage the f ts A  gene o f  plasmid 
p L H W 2 -l .  This D NA fragment encodes  not only the c a r ­
boxyl en d  of  the FtsA , but also the first 37 N-terminal amino 
acids of  F tsZ. Overproduction  o f  this FtsZ peptide fragment 
could conceivably act  as a  com pet i to r  o f  wild-type p roduc t  
and result in fi lamentation. Microscopic examination  o f  
JM101 cells containing p L H W 4  indicated uniform sho r t  rods 
even in the presence of  H)- '1 M IPTG. Thus, there is no 
apparent  effect caused by overexpressing the f t s Z  gene 
fragment.
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F IG . 3. Cell su rv iv a l o f  JM 101(pL H W 2), JM lG l(p L H W 3 ), and  
JM 101(pL H W 2-l) on  com plex  aga r p la tes  w ith va rio u s  IPTG  c o n ­
ce n tra tio n s .
To test  the IPTG sensit ivity o f  JM101 cells containing 
plasmid p L H W 2 ,  p L H W 3, or  p L H W 2 -l ,  inocula from e x ­
ponential ly growing cultures were spread on yeast extract-  
t ryptone  agar plates containing 0 to 10~3 M IPTG. Figure 3 
displays how survival  of  JM 101(pLHW2) and JM101 
(pLHW 3) cells decreased  as a linear function o f  increasing 
IPTG concentrat ion .  JM 101(pLHW 2-l)  celts (Fig. 3). as well 
as JM101(pKK223-3)  cells (data not shown), w ere not killed 
at any concen tra t ion  of  IPTG.
Maxicell labeling o f  the proteins expressed from plasmids 
p L H W l  and p L H W 2 - l  in E. coli CSR603 (15) were per ­
formed (data not shown).  Transform ants  o f  CSR603 carrying 
pL H W 2 or p L H W 3 could not be isolated. A band o f  FtsA 
protein strongly labeled with [35S]methionine was recovered 
from maxicells containing p L H W l .  Bands putatively repre­
senting t runcated  FtsA  and FtsQ protein products  were 
labeled in maxicells containing p L H W 2 -l .  Labeled FtsQ 
protein was not  recovered  from maxicells containing 
p L H W l.
A recent  paper  by Storts et al. (17) did not report  any 
phenotypic alteration result ing from overproduction  of  FtsQ 
protein. Their observation  is consistent  with the morphology 
of  cells carrying plasmid p L H W 2 -l  with a delet ion in the 
f t s A  gene.  Although a  contribution from F tsQ  is possible, 
our  da ta  suggest  that the inhibition of  cell septation is due to 
the overproduc tion  o f  the FtsA protein.  A similar inhibition 
o f  cell division, due to a high level o f  F tsA  protein, was 
observed by D ew ar  et al. (7) when they constructed a 
high-copy vec tor  containing the f ts Q  and f t s A  coding se ­
quence ,  pSZ24. Elevated amounts  o f  FtsA protein could be 
inhibiting cell septat ion  in several  possible ways, including 
(i) preventing formation o f  a required complex of  septum 
proteins (4, 8, 19, 20); (ii) preventing “ ac tiva tion”  o f  itself or 
o ther  proteins by inhibition of  some critical enzym e (A. C. 
Robinson, J. F. Collens, and W. D. Donachie, letter . Nature 
[London] 328:766, 1987); or(i i i)  interfering with p roper gene 
express ion  o f  o ther  cell septat ion proteins (8). The obse rva­
tion that both alteration and overexpression o f  FtsA result in 
inhibition of  cell division suggests the simple hypothesis  that 
specific interactions of  the FtsA protein and o ther  division 
proteins are required for the septat ion process. Altered or
overexpressed FtsA disrupts or distorts these septa-protein
com plexes.
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Chapter II
Cellular Bulging from High-Level Expression of FtsA 
Protein in Escherichia coli K12.
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Introduction
Cell growth and division is a periodic event in 
which key processes occur in an ordered fashion. Since 
it is a complex process, many types of cell changes 
(both mutational and conditional) can inhibit cell 
septation and cause E. coli cells to become filamentous 
(Donachie et al., 1980; Richard et al., 1973; Tormo et 
al., 1984). In this paper we focus on the cellular 
effects of continued expression of the ftsA gene product 
(Wang et al., 1990). Filamentous cells, caused by 
growth of conditional ftsA mutants at a nonpermissive 
temperature, contain slight indentations at putative 
septum regions. This observation has been interpreted 
to suggest that the FtsA protein functions after the 
initiation of septation (Begg et al., 1985). The ftsA 
mutation maps near 2.5 min. on the E. coli genetic map 
between two other cell division genes, ftsQ and ftsZ 
(Bachmann et al., 1990; Donachie et al., 1984; 
Lutkenhaus et al., 1980). The nucleotide sequence of 
the ftsA gene has been determined and found to encode a 
protein of 45,400 daltons (Lutkenhaus et al., 1979; 
Robinson et al., 1984; Yi et al., 1985).
FtsA protein is essential for cell septation (Tormo 
et al., 1984). New FtsA protein synthesis or
19
modification appears to be required for each round of 
cell septation, based on in vivo genetic experiments 
utilizing a nonsense ftsA mutation in a strain with a 
temperature-sensitive suppressor (Donachie et al., 
1979): i.e., when new FtsA synthesis was stopped by
incubation at the non-suppressing temperature, cell 
septation was immediately inhibited (Donachie et al., 
1979) . Furthermore, completion of the visible septa, 
observed in ftsA mutant filaments at the non-permissive 
temperature, was blocked for at least one doubling time 
upon return to a permissive temperature (Tormo et al., 
1984). This suggests that the putative septa may 
contain inactive FtsA proteins which need to be replaced 
for septation.
Participation of FtsA protein in the septation 
process is also supported by several other studies. 
Strains containing an ftsA3 mutant allele were found to 
affect the ampicillin-binding ability of a penicillin- 
binding protein 3 (PBP3; Botta et al., 1981; Tormo et 
al., 1985), which is required for septation. This 
observation suggests that FtsA either directly interacts 
with PBP3 or interacts with some other components that 
interacts with PBP3. After they combined various cell 
mutants in a Ion mutant strain, Descoteaux and Drapeau 
(1987) concluded that FtsQ, FtsA, and FtsZ may all
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directly interact. In the Ion mutant the sulA gene
product, an inhibitor of FtsZ, is more stable, and 
consequently Ion mutants form filaments that die after 
SOS inducing conditions such as UV light (Mizusawa et 
al., 1983; Schoemaker et al., 1984). Furthermore, they 
showed that certain FtsA alleles can affect the 
inhibition of the FtsZ gene by SulA, i.e., the Ion 
ftsAlO mutant was more resistant to killing by UV light 
than the isogenic Ion mutant.
The amount of FtsA protein within the cell can be 
characterized as low (Sullivan et al., 1984; Robinson et 
al. , 1984) . We have previously reported on the
construction of plasmids that overexpress the ftsA gene 
(Wang et al., 1990). In bacterial strains containing 
these plasmids, ftsA overexpression was found to inhibit 
cell septation. This phenotype of cell filament
formation and death was lost when a DNA deletion that 
mutated the ftsA gene was introduced into the plasmids. 
A finding that was noted, but not investigated, in that 
paper was that continued synthesis of the FtsA protein 
resulted in the formation of spherical bulges along the 
filaments. In this paper we investigate the placement 
of these bulges along the filamentous cells, examine 
these swollen regions by electron microscopy and 
determine the hexosamine content in the bulged cells.
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Materials and Methods
Strains and media: Cells of E. coli strain D1210
(recA13, l a c l containing either the vector plasmid, 
pKK223-3, or an JftsA-overexpressing plasmid, pLHW3, were 
grown in minimal medium (M9 medium, Miller, 1972) 
supplemented with 50ug/ml of carbenecillin.
Quantitation of FtsA by Western blotting: D1210 cells
containing either plasmid pKK223-3 or pLHW3 were 
cultured overnight at 37 C in M9 minimal medium, diluted 
into fresh M9 medium (50 x fold dilution) and incubated 
until OD600 was between 0.3 and 0.4. FtsA
overexpression in cells of D1210(pLHW3) was induced by 
the addition of isopropyl— D-thiogalactopyranoside 
(IPTG, purchased from Sigma Chemical Co.) to the culture 
at a final concentration of 1 mM. These cells were 
incubated for two to six hours, harvested by 
centrifugation (6,500 x g, 10 min. 4 C) and then lysed 
in disruption buffer (2% sodium dodecyl sulfate, 10% b- 
mercaptoethanol, 8M urea, 0.03% bromophenol blue, 1.25 M 
Tris-HCl pH 7.0). Cell extracts containing equivalent 
amounts of total protein were electrophoresed on a 
gradient (5-20%) SDS-polyacrylmide gel, transferred to 
Immun-lite membranes (Bio-Rad, 4) . Western blots were
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performed with the Immun-Lite Chemiluminescent kit (Bio- 
Rad) as suggested by the manufacturer. The primary 
antibody against FtsA was a recently isolated FtsA- 
specific monoclonal antibody designated HW65(IgG2b) 
produced in our lab. The amount of FtsA protein was 
determined from the band densities on the Western blots 
with a Bio-Rad Densitometer.
Light Microscopy: Cells to be photographed were first
fixed in 10% formaldehyde and spread on microscope 
slides covered with a thin film of 1% agarose. An 
Olympus BH-2 phase-contrast microscope with a 100 X 
phase objective and Kodak Technical Pan film was used in 
the photography. The distances between the center of a 
bulge to the end of the cell and between the centers of 
adjacent bulges were measured from 100 photomicrographs 
of filaments that were randomly sampled.
Electron Microscopy: Cells of D1210 (pLHW3) induced with 
IPTG were fixed in 2% glutaraldehyde in 0.1 M sodium 
cacodylate buffer pH 7.2, washed, fixed in 2% Os04, 
rinsed, stained in 0.5% uranyl acetate, dehydrated, then 
infiltrated and embedded in LR White resin, sectioned, 
and stained with lead citrate. They were viewed with a 
JEOL 100CX transmission electron microscope at 80 kV.
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Hexosamine assays: Elson-Morgan hexosamine assays
(Elson et al., 1933) were carried out on whole cells and 
on a large polymer cell fraction. Whole cells were 
dried, hydrolyzed in 8 M HCl at 95 C for four hours, and 
then assayed. The large polymer cell fraction was 
obtained by boiling whole cells in 4% SDS for 16 hours, 
and then precipitating the non-solubilized, large 
hexosamine polymer by 10% cold trichloroacetic acid 
(TCA) and centrifugation (10,000 g for 15 minutes, 4 C) . 
This precipitate was hydrolyzed and assayed as the 
above.
Treatment with bacitracin: One hour after the induced
expression of FtsA in D1210(pLHW3) with 0.5 mM IPTG, 
bacitracin was added to the medium at concentrations 
ranging from 0 to 200 ug/ml. The effects on the 
cellular morphology were observed hourly by phase- 
contrast light microscopy until 6 hours after IPTG 
addition.
Results and Discussion
FtsA overexpression and filament bulging.
An elevated level of ftsA gene transcription was 
achieved by derepression of an upstream tac promoter in
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plasmid pLHW3 (wang et al., 1990). As a consequence of 
constructing plasmid pLHW3, continuous expression of the 
ftsA gene in cells containing this plasmid could be 
induced with 1 mM IPTG. Increased ftsA gene expression 
almost immediately inhibited cell septation and caused 
cells to become long filaments (Fig 1, B) . After three 
or more hours of continuous ftsA expression, these 
filamentous cells developed large spherical bulges (Fig. 
1, C & D) . The bulges appeared evenly distributed and 
became quite large in size with diameters up to 4 um 
(compared with normal cell's diameter of 1 um) after 6 
hrs of induction.
A Western blot with FtsA monoclonal antibodies of 
cell extracts from strain D1210(pLHW3), in which ftsA 
was overexpressed for several hours, is shown in Fig. 2. 
From the intensity of the bands on the Western blot, 
the amount of FtsA protein after 2, 4, and 6 hours of
ftsA expression was estimated to be 5-, 17-, and 21-
times the amount of FtsA measured in uninduced cells. 
Thus, the bulging cellular structures are formed in 
cells containing large excesses of FtsA protein.
Were these spherical bulges evenly distributed on 
the filamenting cells? Since FtsA is a membrane protein 
involved in cell septation (Chon et al., 1988), it was 
logical to consider the possibility that the bulges were
Fig. 1. Phase-contrast light microscope pictures of 
strain D1210(pLHW3) before and after overexpressing 
ftsA. A. Cells before IPTG induction of ftsA gene 
expression. Panels B, C, D, are cells after IPTG 
induction of ftsA gene for 2, 4, 6 hours, respectively. 
Bar, 5 um
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Fig. 2. Immunoblot analysis of the FtsA protein in the 
E. coli cells O f  D1210(pKK223-3) and D1210(pLHW3). 
Equivalent amounts of total cellular protein was 
electrophoresed on each lane: 150 ug in lanes A, B, C,
and D and 75 ug in lanes E, F, G, H, I, and J. Lanes A
and C: proteins from cells of D1210(pKK223-3) harvested 
in exponentially (O.D.goo = *3) and stationary (O.D.qqo 
= 1.0) growth phases; Lanes B and D: protein from
D1210(pLHW3) harvested in exponentially and stationary 
growth phase; Lanes E, F, G, and H: total cellular
protein from D1210(pLHW3) after IPTG induction of ftsA 
expression for 0, 2, 4, 6 hours, respectively; Lane I
and J: Coomassie blue-stained SDS-polyacrylmide gel
showing total cellular proteins from D1210(pLHW3) after 
IPTG induction for 4 and 6 hours.
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caused by an alteration of normal septation. If true, 
then the measured length between adjacent bulges in the 
filaments, measuring from center to center, should have 
been about a normal cell's length. The distances 
separating the bulges of one hundred filamentous cells 
were determined from micrographs and plotted as a 
histogram in Fig. 3B. The distances between the bulges 
were found to be clustered around two lengths: a length 
close to one cell length ( 3 to 4 mm)-the major peak in 
the histogram, and a length close to two cell lengths (6 
to 7.5 mm). The ends of the filamentous cells were 
usually not bulged ( Fig 3 A) . A bulge that 
occasionally appearing at a cell pole was generally not 
spherical but was more of an elongated swelling, as if a 
spherical bulge just expanded into the tip.
Electron microscopy of bulged filaments.
The bulging cells were examined by transmission 
electron microscopy (TEM). Photographs of thin sections 
of some bulged cells caused by 4 hrs of ftsA expression 
are shown in Fig. 4. Two unique cellular structures 
were observed: many dark, electron dense inclusions and 
large electron-lucent plate-like regions. The dark 
aggregates are located near the membrane and at ends of 
the electron-lucent inclusion. The plate-like electron-
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Fig. 3. Distances between spherical bulges on 
filamentsof D1210(pLHW3) caused by overexpression of 
ftsA. Panel A, A light micrograph including a polar 
region of some bulged filamentous cells; Panel B, A 
histogram of the distances measured between bulges from 
100 filamentous cells sampled at random. These measured 
distances were between the centers of adjacent bulges as 
in the pictures.
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Fig. 4. Transmission electron micrographs of thin 
sections through bulged regions of cell overexpressing 
ftsA for 6 hours. Arrows point to the large electron 
lucent inclusions. The magnifications of A, B, C, and 
D are 18,000, 11,000, 24,000 and 20,000 X, respectively.
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lucent region appears to be rigid and looks to be a 
cause of the cellular distortion in shape. Serial 
sectioning through a 6 hour cell revealed that the 
electron lucent structure is quite large having a 3- 
dixnensional structure that seems to stretch out in a 
plate-like formation from the cytoplasmic membrane. The 
electron lucent appearance of the plate-like regions 
indicates that during the normal E.M. preparation the 
heavy metal compounds reacted poorly with the 
constituents of this structure. This suggests that it 
is not likely to be protein or DNA but more likely to be 
neutral molecules, possibly polysaccharide polymers.
Hexosamine determinations in bulging cells.
One possible polysaccharide polymer that could be 
accumulating due to FtsA over express ion is the cell 
wall's peptidoglycan constituent, which is composed of 
repeating units of N-acetylglucosamine and N- 
acetylmuramic acid. Thus we decided to measure the 
quantity of amino sugars in cells overexpressing FtsA by 
the Elson-Morgan assay for hexosamines (Elson et al., 
193 3) . The measured levels of hexosamines in whole 
cells of D1210(pLHW3) and D1210(pKK223-3) , under both 
uninduced and induced conditions, are shown in Table 1. 
In strain D1210(pLHW3), upon continuous induction of
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FtsA with IPTG from 2 to 6 hours, the total cellular 
hexosamine steadily increased to 1.5-times the uninduced 
cell's hexosamine content.
In these assays (column 2 in Table 1) , no 
distinction was made between small hexosamine polymers 
and large hexosamine polymers. Since the peptidoglycan 
consists primarily of large hexosamine polymers, whole 
cell extracts were boiled in sodium dodecyl sulfate and 
the insoluble hexosamines (the large polymers) was 
isolated by TCA precipitation. As is shown in Table 1, 
column 3, the relative amount of large hexosamine 
polymers also increased 1.5 fold in strain D1210(pLHW3) 
upon continuous induction of FtsA with IPTG from 2 to 6 
hours. This finding suggests that overexpressed FtsA 
may be causing increased peptidoglycan synthesis.
Interference of bulging by bacitracin.
Assembly of the cell wall normally can be inhibited 
by the antibiotic bacitracin. It interferes with the 
enzymatic dephosphorylation of bactoprenolpyrophosphate 
to form bactoprenol, an essential lipid carrier that is 
in limited quantity per cell. This lipid carrier 
transfers the building blocks, phospho-N-
acetylmuramylpentapeptide, across the membrane for 
insertion into the preexisting murein network (Holtje et
Table 1. Hexosamine content of FtsA overexpressing cells
Strains and 
conditions
total
hexosamine
ug/mg cells
relative
amounts
large polymer 
hexosamine
ug/mg cells
relative
amounts
D1210(pKK223-3) 5.4 ± 0 .2 2.0 ±0 .2
D1210(pLHW3) 5.5 ± 0 .2 1.0 2.0 ±0.1 1.0
ftsA induced for 2 hrs. 6.3 ±0.1 1.2 2.3 ± 0 .2 1.2
ftsA induced for 4 hrs. 7.6 ± 0 .2 1.4 2.7 ±0.1 1.3
ftsA induced for 6 hrs. 8.1 ± 0 .2 1.5 3.0 ±0.1 1.5
Induction of the tac promoter upstream of the ftsA gene was by 1 mM IPTG.
Relative amounts were calculated by dividing the induced cell's hexosamine amount 
by the uninduced cell's hexosamine amount.
Experiments were run in triplicate.
Table 2. The hexosamine content of FtsA overexpressing cells
after bacitracin treatment.
Strains 
and conditions
total
hexosamine3
pg/mg cells
relative
amounts*3
large polymer 
hexosamine3
ug/mg cells
relative
amounts*3
D1210(pLHW3) 5.4 ±0.1 1.0 2.1 ±0.1 1.0
ftsA induced for 6 hrs.c 8.2 ± 0 .2 1.5 3.0 ±0.1 1.4
ftsA induced for 6 hrs 
bacitracin^ added after 1 hr
6.1 ±0.1 1.1 2.2 ±0.1 1.0
aThe data in the table is the average of three repeats.
^Relative amount was calculated by dividing the induced cell's hexosamine amount 
by the uninduced cell's hexosamine amount.
cInduction of tac promoter upstream of ftsA in pLHW3 was with 0.5 mM IPTG. 
^Bacitracin was added at a concentration of 150 mg/ml.
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al., 1985). When bacitracin was added to the culture 
medium at 100 to 150 mg/ml one hour after overexpressing 
of ftsA , no spherical bulges developed in D1210(pLHW3). 
Septation was still inhibited and cells became 
filamentous, but spherical bulges were not observed even 
up to 6 hours of incubation. At 100 mg/ml bacitracin 
cell lysis was very minimal. When the concentration was 
increased to 150 ug/ml, some cell lysis occurred. The 
amount of hexosamine in cells treated with and without 
bacitracin is shown in Table 2. Cells with bacitracin 
had only 1.1 times more total hexosamine and almost no 
increase in large polymer hexosamine after 6 hrs 
compared to uninduced cells . Without bacitracin, the 
hexosamine amounts in the same experiment increased 1.4 
times and bulges were produced. The above results are 
consistent with an interpretation that both cell bulging 
and increased total hexosamine per mass require 
sufficient bactoprenol lipid carrier protein.
Proposed model for bulged cell formation.
Our findings suggest that excess FtsA may be 
directly or indirectly stimulating abnormal 
peptidoglycan synthesis. The amounts of total
hexosamine as well as large hexosamine polymers were 
found to increase upon continued elevated expression of
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ftsA. The possibility that the large hexosamine 
polymers might be in cross-linked peptidoglycan was 
supported by the bacitracin inhibition data. FtsA- 
overexpressing cells treated with bacitracin did not 
exhibit a build-up in the amount of large hexosamine 
polymers and the filaments formed by excess FtsA 
synthesis did not develop any spherical bulged regions.
Why would overproduction of the FtsA protein cause 
bulging in filamentous cells? A possible explanation 
for the formation of bulges may be found in the surface 
stress model for bacterial cell wall growth proposed by 
Koch (Koch et al., 1985). In this model, it is proposed 
that the cell wall is stressed due to osmotic pressure 
and surface tension. Cell wall growth must operate in a 
way that does not weaken the peptidoglycan matrix. 
Otherwise, the cell would burst. The way that this is 
accomplished is to splice new peptidoglycan into the 
matrix before the bonds holding the old matrix are cut 
(a "make-before-break principle"). This explains 
multisite peptidoglycan insertion of new peptidoglycan 
assembly during cell elongation. However, cell
septation needs a mechanism to collapse the cell wall 
inward. This can be accomplished if we propose that the 
prefabricated peptidoglycan matrices are preferably 
inserted into the cell wall at the septum site (Nanninga
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et al., 1991). Insertion of these peptidoglycan 
matrices would weaken the wall so that surface tension 
and osmotic pressure can push it outward. Our finding 
that spherical bulges develop almost equidistantly on 
filaments caused by excess FtsA synthesis suggests that 
this excess FtsA may be distorting the normal 
peptidoglycan synthesis in the septum. These spherical 
bulges could be due to excess (and possibly abnormal) 
peptidoglycan synthesis at potential septum sites which 
affects its structural rigidity. Bulging at the septum 
region may occur because a weakened cell wall is pushed 
out by cellular osmotic pressures and continuing 
peptidoglycan synthesis. This excess peptidoglycan may 
be visualized in the electron-lucent plate-like 
structures observed in thin sections of the bulged cells 
by electron microscopy.
Thus, we propose that FtsA affects the synthesis of 
peptidoglycan at the putative septa. This is supported 
by finding that excess synthesis of FtsA causes cell 
filaments with: (1) evenly spaced spherical bulges, (2)
large electron-ucent plate-like structures visible by 
E.M. inside the cell and (3) an increased quantity of 
hexosamine per cell mass.
Chapter III
Quantitative Determination of FtsA at Different Growth 
Rates in Escherichia coli Using FtsA-specific 
Monoclonal Antibodies.
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Summary
FtsA is an essential cell division protein in 
Escherichia coli. Its synthesis in low amounts makes 
the investigation of its functions difficult. Partially 
purified FtsA protein was obtained by solubilizing 
cellular inclusion bodies after overexpression of the 
ftsA gene for the purpose of raising monoclonal 
antibodies. Mice were immunized with this FtsA protein 
fraction and their spleen cells were fused to Sp2/0-AG14 
mouse myeloma cells. Hybrid cells were screened and two 
clones were positively identified as FtsA monoclonal 
antibody producers by ELISA and Western blotting. A 
quantitative assay using these monoclonal antibodies 
indicated the average number of FtsA molecules per cell 
to be between 50 and 200. However, the concentration of 
FtsA protein normalized to total cell protein was 
constant over a wide range of growth rates. This 
finding is in agreement with the hypothesized role of 
FtsA protein as a stoichiometric component of the 
septum.
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Introduction
Cell division in Escherichia coli has been 
intensively studied, and at least 20 different genes are 
known to be involved in the process (Donachie et al., 
1984; Donachie and Robinson, 1987). A number of genes 
essential for cell division in E. coli have been mapped 
to the 2 min. region of the chromosome (Donachie et al., 
1984; Bachmann, 1990). The cell division genes
ftsZ (sulB) , ftsA and ftsQ in this 2 min. region encode 
proteins that probably form part of a core pathway 
required to initiate, shape and complete septation (Begg 
and Donachie, 1985). However, little is known about 
their specific functions or biochemical activities in 
the process of septum formation.
The ftsZ, ftsQ and ftsA genes have been cloned and 
their DNA sequenced (Robinson et al., 1984; Yi and 
Lutkenhaus, 1985). FtsZ is a component of the septum (Bi 
and Lutkenhaus, 1991). It is a 45-kDal protein that is 
cytoplasmic but can be loosely associated with membrane 
(Jones and Holland. 1985; Pla et al, 1991) . FtsZ is 
believed to function early in septation and its cellular 
concentration seems to dictate the frequency of division 
(Ward and Lutkenhaus, 1985; Bi and Lutkenhaus, 1990).
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The amount of FtsZ protein per cell is estimated to be 
between 5,000 and 20,000 molecules (Bi and Lutkenhaus, 
1991; Pla et al, 1991).
FtsQ is a 31.4 kDal protein as determined from its 
nucleotide sequence (Yi and Lutkenhaus, 1985; Robinson 
et al., 1986). Recently, the FtsQ protein has been 
overproduced and demonstrated to be a membrane protein 
(Storts et al.,1989; Carson et al., 1991). The
synthesis of FtsQ protein is thought to be required 
throughout the whole process of septum formation (Carson 
et al., 1991 ). Based on the enzymatic activity of an 
FtsQ-alkaline phosphatase fusion, the concentration of 
FtsQ protein in E . coli is estimated to be 22 molecules 
per cell (Carson et al., 1991).
The ftsA gene also has been cloned and sequenced 
(Robinson et al., 1984; Yi and Lutkenhaus, 1985) . It 
encodes a protein product of 45.4 kDal which is an
essential component in septum formation (Donachie et al, 
1984, Tormo and Vicente, 1984). FtsA protein has been 
shown to be a membrane protein (Chon and Gayda, 1988; 
Pla et al, 1990) that probably interacts with FtsI(PBP3) 
(Tormo et al, 1986) as well as with FtsQ and FtsZ
proteins (Descoteaux and Drapeau, 1987).
The expression of FtsA is very low, even when 
cloned on multicopy plasmids (Sullivan and Donachie,
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1984; Yi et al., 1985). This makes the investigation of 
its functions difficult. To facilitate our attempts to 
study functions of FtsA protein in E. coli, FtsA- 
specific monoclonal antibodies were made. Using these 
monoclonal antibodies in Western blots we determined the 
concentration of FtsA protein in E. coli cells grown at 
different rates in various media.
Materials and Methods
Purification of FtsA protein. The FtsA protein was 
partially purified from an E. coli strain, D1210, that 
contained plasmid pLHW3, an ftsA overexpression plasmid 
(Wang and Gayda, 1990) . The bacteria were grown in 
minimal medium (M9 medium, Miller, 1972) at 37 C until 
the O.D.goonm °f culture reached 0.3. Isopropyl-b-
D-thiogalactopyranoside (IPTG) was then added to the 
medium at a final concentration of 1 mM and the cells 
were incubated for another 8 hours. These FtsA-enriched 
cells were harvested by centrifugation (6500 x g, 15 
min, at 4 C), resuspended in buffer A (50 mM NaCl, 50 mM 
Tris-HCl, 1 mM EDTA, and 0.1 mM phenylmethylsulphonyl 
fluoride; pH 8.0 ), and mechanically disrupted by two
passages at 10,000 psi through a pre-chilled French 
pressure cell (American Instrument Co., Silver Spring,
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MD). Since intact cells in the lysate would pellet with 
the FtsA-enriched inclusions, two successive passages 
through the French pressure cell were performed to 
achieve greater than 90% cell lysis. After removal of 
the unbroken cells by centrifugation for 20 min at 2000 
x g, a pellet fraction of the cell-free lysate was 
obtained by centrifugation at 12,000 x g for 15 minutes 
at 4 C. This pellet contained the FtsA protein in 
inclusion bodies plus other proteins which were 
subsequently removed by washings of the pellet. The 
pellet was washed in Buffer A containing 0.5% Triton X- 
100 for 5 minutes at room temperature followed by 
sequentially extraction for 5 min. periods at room
temperature with Buffer A containing 2M, 4M, 6M and 8M
urea. Ninety percent of the total protein that became 
soluble in 6M and 8M urea was identified as FtsA when 
analysed by SDS-PAGE. Further removal of the
contaminating proteins present in 6M and 8M urea soluble 
fractions was achieved by precipitation with 20% 
ammonium sulfate and centrifugation (12,500 x g, 10
min., 4 C) . The FtsA proteins remaining in the
supernatant fraction were concentrated by precipitation 
with ammonium sulfate at 35% of satuation. The
precipitate was suspended into phosphate buffer and the 
suspension was used to immunize mice.
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Immunization of Mice. Five female BALB/C mice, 6 to 8 
weeks of age, were immunized by intraperitoneal 
injection with 100 ug of the partially purified FtsA 
protein. The injection of protein was repeated two 
weeks later. The mouse was bled from the eye vein four 
weeks after the second injection and serum was assayed 
for antibodies against FtsA protein. FtsA reactivity 
was detected in serum diluted as much as 1:12,800. Two 
mice were given a final intraperitoneal injection with 
200 ug of FtsA protein eluted from an SDS-polyacrylamide 
gel. Three days after this injection, the mice were 
bled from the tail vein and the spleen was removed for 
cell fusion.
Growth of Cell Lines. Mouse Sp2/0-Agl4 myeloma cells 
(American Type Culture Collection, Rockville, MD) were 
maintained as a logarithmic growing culture between 1.5 
and 5 x 105 cells/ml by incubation at 37 C and 8% C02 
atmosphere. The growth medium was RPMI 1640 (GIBCO 
Laboratories, Grand Island, N.Y.) supplemented with 15% 
heat-inactivated fetal bovine serum (GIBCO).
Isolation of Monoclonal Antibody Clone. Spleen cells 
from an immunized mouse were fused with myeloma cells 
using a modification of the method of Oi and Herzenberg
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(1980) as described by Simonson and Siebeling (1988). 
Hybridoma supernatant fluids were tested for antibody 
activity by ELISA. Two stable hybridoma clones were 
isolated that secreted FtsA specific monoclonal 
antibodies.
The monoclonal antibodies were isotyped using a 
subisotyping kit following the directions of the 
manufacturer (HyClone Laboratories, Salt Lake City, 
Utah). A large quantity of monoclonal antibodies were 
obtained from both clones either by growing the 
hybridoma cells in roller bottles which contained 500 ml 
of culture medium or by interpertoneal growth in ascites 
tumors induced in female BALB/c mice, which were primed 
with 0.5 ml of 2,6,10,14-tetramethylpentadecane three 
days before an intraperitoneal injection of hybridoma 
cells (Simonson and Siebeling, 1988). From both culture 
medium and ascites fluid, proteins were precipitated by 
ammonium sulfate and monoclonal antibodies were purified 
by affinity chromatography on a Protein-G sepharose 4 
Fast Flow column (Pharmacia Biotechnology Products, 
Piscataway, N.J.).
Enzyme-linked Immunosorbant Assay-(ELISA). Immulon-2 
flat bottom plates (Dynatech Laboratories, Inc., 
Alexandria, Va.) were coated with FtsA protein by
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incubating each well with 0.5 mg of FtsA in 100 ml of 
coupling buffer (Simonson and Siebeling, 1988) at 4 C 
for 8 to 12 hours. After removing the FtsA solution, the 
antigen coated wells were filled with 0.2 ml blocking
buffer, containing EIA-PBS (8.5 g/1 NaCl, 2.1 g/1
Na2HP04, 0.9 g/1 NaH2P04, pH7.4) and 1% BSA, and were 
incubated at 37 C for 1 hr. FtsA antibody (0.2 ml) from 
sera or cell culture supernatant fractions diluted in 
EIA PBS buffer was added to the wells. Unbound
antibodies were removed with three washes of 0.2 ml 
washing buffer (EIA PBS with 0.5% BSA). The bound mouse 
antibodies were then reacted with a conjugated antibody 
mixture—  alkaline phosphatase-conjugated goat anti­
mouse immunoglobulins, IgG, IgM, and IgA fraction (Sigma 
Immuno Chemicals) and followed by four washes as above. 
The amount of specifically bound alkaline phosphatase- 
conjugated anti-mouse antibodies was determined by 
assaying for alkaline phosphatase activity with freshly 
prepared p-nitrophenylphosphate in diethanolamine
buffer. A substrate solution was added into each well 
and incubated for 3 0 min at room temperature. The 
absorption at 405 nm was determined with a Guider PR-50 
automatic EIA analyzer (Bio-Tek Instrument, Inc) . 
Antibody dilutions yielding an absorption equal to 0.200 
or greater were considered positive.
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Western Blotting. Total protein from 1 to 6 x 108 cells 
of E. coli was solubilized by mixing one volume of cells 
and one volume of urea-SDS-solubilization buffer (2% 
Sodium dodecyl sulfate, 10% b-mercaptethanol, 8 M urea,
0.03% bromophenol blue, 1.25 M Tris-HCl ; pH 7.0). The 
solubilized samples were boiled for 5 min. and the 
proteins were separated by electrophoresis on a 4-2 0% 
gradient SDS-polyacrylamide gel. The separated
proteins were electrophoretically transferred (30 V, 40 
mA, 6-8 hours) to Immun-Lite membranes (Bio-Rad 
Laboratories). Protein transfer was monitored with 
prestained molecular weight standards and Coomassie blue 
staining of the gels after transblotting. The Western 
blots were performed with the Immun-Lite 
Chemiluminescent Assay Kit (Bio-Rad) as suggested by the 
manufacturer. Briefly, the membrane surfaces were 
blocked with 5% non-fat milk in TBS buffer (20 mM Tris- 
HCl, 500 mM NaCl, pH 7.5). The membrane was incubated 
with FtsA antibody for 1-2 hours at room temperature and 
washed three times with TTBS (TBS with 0.05% Tween 20) 
to remove unbound antibody. It was then incubated with 
goat anti-mouse antibody conjugated to alkaline 
phosphatase (AP). The membrane was again washed three 
times with TTBS buffer and once with TBS buffer. The 
membrane was then incubated with the chemiluminescent
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alkaline phosphatase substrate 4-methoxy-4(3-
phosphatephenyl)spiro[l,2-dioxetane-3,21-adamantane] 
(Lu m i -P h q s T M  53 0) . The blot was then exposed to Kodak 
XAR X-ray film. Band densities on the developed film 
was determined with a Bio-Rad Densitometer (Model 620, 
Bio-Rad Laboratories).
Quantitation of FtsA. The total amount of FtsA protein 
in a known number of cells was quantitated using the 
above procedure. A linear relationship between the 
quantity of purified FtsA protein and its corresponding 
band density on X-ray film was determined. This 
standard curve was used to quantify the amount of FtsA 
in protein samples extracted from whole cells. The 
number of FtsA molecules per cell was calculated by 
dividing the measured protein concentration by the cell 
number and the molecular weight of FtsA (45,000 
daltons).
E. coli strain D1210 was grown in eight different 
media to investigate the potential effects of growth 
rate on the number of FtsA molecules per cell. The 
various media used and the growth rates they sustained 
are summarized in Table 3. Cells were grown to an 
OD600 of 0.3. The cells were pelleted by
centrifugation, washed three times with M9 salts
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(Miller, 1972), and resuspended in 0.5 M phosphate 
buffer (pH7.5) containing 0.01 M of phenylmethylsulfonyl 
fluoride (PMSF). The cells were lysed by two passages at 
10,000 psi through a chilled French pressure cell. 
Total protein concentration in the lysates was measured 
by using the Pierce BCA protein assay reagent (Pierce 
Chemical Co., Smith et al., 1985) with bovine serum 
albumin as standard. Equivalent amounts of protein were 
added to each lane in SDS-PAGE separations. The amount 
of FtsA protein on the gel was determined by Western 
blotting as described above.
Results
Isolation of FtsA protein from inclusion bodies.
Overproduction of the FtsA protein was directed by 
plasmid pLHW3 in a laclQ strain, D1210. Plasmid pLHW3 
was constructed by insertion of the ftsA gene downstream 
of the IPTG-inducible tac-promoter of vector pKK223-3 
(Wang and Gayda, 1990) . The overexpression of ftsA 
resulted in filamentous cells with large bulges (Wang 
and Gayda, 1990). After 2 to 4 hours of induction with 
1 mM IPTG, FtsA protein began to accumulate in 
intracellular inclusion bodies, which appeared as dark 
areas adjacent to the cytoplasmic membrane in thin
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sections examined by transmission electron microscopy. 
These inclusion bodies increased in size so that, after 
6 to 8 hours of induction, they were highly refractile 
granules which could be visibly seen by phase-contrast 
microscopy ( Data not shown).
Inclusion bodies were released from the cells by 
the disruption procedure as described in Materials and 
Methods. After removal of unlysed cells by low speed 
centrifugation, we found that centrifugation at 12,500 x 
g for 5 minutes removed all inclusion granules that 
could be seen by phase-contrast microsopy. SDS-PAGE of 
the pellet fraction displayed an abundant band of a 46 
kDal protein (Fig. 5, lane 4) . The migration of this 
protein in SDS-PAGE was identical with that of 
radioisotopically labelled FtsA protein whose synthesis 
was directed by an ftsA-encoding plasmid in maxicells 
(Wang and Gayda, 1990) . Only small amounts of the 46- 
kDal protein were found in the soluble cytoplasmic 
fraction (Fig. 5, lanes 2 and 3), although this fraction 
contained 60% of the total cellular protein.
The pellet fractions, enriched for FtsA, also 
contained other proteins in relatively large amounts 
with molecular masses of around 38.5 and 3 5.9 kDal. 
(Fig. 5, lane 4 and Fig. 6, lane 2) . They constituted 
25 and 20 percent, respectively, of the total protein in
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Pig. 5. SDS-polyacrylmide gel analysis of FtsA 
accumulation in D1210(pLHW3) after 6 hours IPTG 
induction. Lane 1, molecular size marker: phosphorylase 
b, 97.4 kDal; bovine serum albumin, 68.0 kDal; 
ovalbumin, 43.0 kDal; carbonic anhydrase, 29.0 kDal; b- 
lactoglobulin, 18.4 kDal; lysozyme, 14.3 kDal. Lane 2, 
3, supernatant fractions from two successive 
centrifugation of lysed cells of D1210(pLHW3); Lane 4, 
pellet fraction from cells of D1210(pLHW3); Lane 5, 6,
supenatant fractions as lanes 2 and 3 but with cells of 
D1210(pKK223-3); Lane 7, pellet fraction from cells of 
D1210(pKK223-3). The molecular weight of the FtsA
protein was estimated to be 46 kDal.
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Fig. 6. Analysis of different stages of purification of 
the FtsA protein from D1210(pLHW3) by SDS-polyacrylmide 
gel electrophoresis. Lane 1, molecular size marker: 
myosin (H-chain), 200.0 kDal; phosphorylase b, 97.4
kDal; bovine serum albumin, 68.0 kDal; ovalbumin, 43.0 
kDal; carbonic anhydrase, 29.0 kDal b-lactoglobulin, 
18.4 kDal; Lane 2, pellet fraction after centrifugation 
at 12,000 g, 15 min. The arrow identifies FtsA; Lane 3, 
0.5% Triton X-100 soluble fraction; Lane 4-6, 4 M urea
soluble fractions after three successive washings; Lane 
7, 6 M urea soluble fraction; Lane 8 -11, 8 M Urea
soluble fractions after four successive washings; Lane 
12, proteins precipitated from 8M Urea soluble fraction 
by 20% ammonium sulfate; Lane 13, unprecipitated 
proteins of lane 12 sample concentrated by 35% ammonium 
sulfate. The "a" denotes mobility of the 46 kDal native 
FtsA protein whereas the "b" refers to altered FtsA 
protein having a molecular weight of 44 kDal.
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the pellet. We found that these proteins were 
substantially solubilized upon incubation of the pellet 
fraction in buffer containing 0.5% Triton X-100 at room 
temperature for 5 minutes (Fig. 6, lane 3).
The presence of 6 to 8M urea were required to 
solubilize the FtsA protein in the inclusion bodies. We 
exploited this property of FtsA in our purification 
procedure. Thus, washing the pellet fraction two to 
three times in 4M urea solubilized only a little FtsA 
protein (Fig. 6, lanes 4-6). Almost all the FtsA 
protein appeared in supernatant fractions containing 6M 
and 8M urea (Fig. 6, lanes 7-11) . This single protein 
represented 90% of the solubilized proteins. FtsA 
protein did not precipitate efficiently until the 
concentration of ammonium sulfate reached 35% of 
saturation (Fig. 6, lane 13) . Thus, some contaminating 
proteins were removed by precipitation with 2 0% ammonium 
sulfate (Fig. 6, lanes 12) . The FtsA protein is 
apparently altered during the urea solubilization 
because it always migrated as a 44 kDal band after such 
treatment. We did not investigate this change in size, 
since it was small and should not have affected the 
protein's antigenicity.
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Preparation of Monoclonal Antibody.
Mice were immunized with purified FtsA protein.
Four weeks after the second injection, sera from mice 
were analyzed for antibodies against purified FtsA
protein by ELISA. The sera were also tested for 
reactivity against FtsA protein obtained by eluting an 
excised 46 kDal FtsA protein band resolved by SDS-PAGE. 
Based on their high antibody titer, two mice were
selected for further immunization and cell fusion. 
These mouse spleen cells were fused with the Sp2/0-Agl4 
line of mouse myeloma cells. Approximately 2 6%
(100/384) of the wells produced viable clusters of 
hybridomas. About 6% of these wells (6/100) produced an 
antibody against purified FtsA protein from E . coli. 
The positive hybridoma clones were subcloned at a 
dilution of 0.3 cells/well into 96 wells. After 2 weeks 
of growth, these secondary clones were assayed,
selected, and subcloned again at 0.3 cells/well. These 
final clones were again assayed for FtsA antibody 
production. Two stable hybridoma clones were isolated 
and named HW40 and HW65.
The Isotype of monoclonal antibodies synthesized by 
these clones were determined by using a Sub-Isotyping 
Kit. HW65 synthesized antibodies typed as IgG2b and 
HW40 synthesized antibodies typed as IgGl. Before being
55
used for Western blotting, the monoclonal antibodies 
were further purified and concentrated on a protein-G 
sepharose 4 Fast Flow column.
Specificity of the Monoclonal Antibody for FtsA
In addition to ELISA, purified monoclonal 
antibodies, designated HW65(IgG2b) and HW40(IgGl), were 
tested by Western blotting partially purified FtsA 
protein fractions. Both HW65(IgG2b) and HW40(IgGl) 
reacted with the native 46 kDal FtsA polypeptide and the 
partial purified 44 kDal FtsA product that was 
solubilized from inclusion bodies. The cell extracts of 
strain D1210(pLHW3) that were induced to overexpress the 
ftsA gene were also Western blotted with HW65(IgG2b) 
antibody (Fig. 7) . Only a single band of FtsA was 
detected by Western blotting with this monoclonal 
antibody; moreover, the intensity of the FtsA band 
increased upon continued induction of the ftsA gene with 
IPTG (Fig.7, lanes A,B,C,D). Quantifying the density of 
the FtsA bands, before and after induction, indicated 
that the FtsA concentration increased 20 fold after 6 
hours of induction.
Determination of the amount of FtsA protein per cell
Even though the quantity of FtsA within a cell is
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low, the reactivity of the our monoclonal antibodies, 
plus the high detectability of the bound antibody with a 
chemiluminescent immuno-assay kit, enabled us to measure 
picogram amounts of FtsA antigen by Western blotting. 
The quantitation of FtsA protein in exponentially 
growing strain D1210 is shown in Fig. 8. The density of 
the FtsA band detected in three cell dilutions (Fig.8, 
lane a,b,c) was compared with the density observed over 
a 5 - 60 ng concentration range of the purified FtsA 
protein (Fig.7, lane 1,2,3,4,5). Using measured values 
for the cell numbers, the quantity of FtsA protein and 
the molecular mass of FtsA protein, we calculated that 
the average number of FtsA molecules per cell in LB 
broth to be 175.
To determine how cellular growth rate affects the 
level of the FtsA protein, strain D1210 was grown in 
several different media as described in Materials and 
Methods. Exponentially growing cells were harvested, 
and several parameters were measured, including cell 
number, cell mass, and protein concentration. The amount 
of FtsA protein present in these cells was determined by 
immunoblot analysis with FtsA-specific monoclonal 
antibodies as described above. As shown in Fig. 9A, 
when equal amounts of total cellular protein were 
blotted, the concentration of FtsA protein was
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Fig.7. Immunoblot analysis of FtsA protein in 
D1210(pLHW3) before and after IPTG induction. 
Equivalent amount of total protein (150 ug) was run on 
each lane. Lane A, total cellular protein from cells of 
D1210(pLHW3) before IPTG induction; Lane B,C,D, total 
cellular protein from cells of D1210(pLHW3) 2, 4, 6
hours after IPTG inductions.
1 2 3 4 5 a b c
■ FtsA
Fig.8. Quantitative determination of FtsA protein in E. 
coli D1210 cells by Western blotting. Lane 1-5, western 
blots of purified FtsA protein at various dilutions 
(60ng, 30ng, 15ng, long, 5ng, respectively). The major
band in lane 1-5 is 44 kDal. Lane a-c, western blots of 
total protein extracts from known number of E . coli 
cells (6x10® cells, 3xl08 cells, 1.5xl08 cells, 
respectively). Cells were grown in L Broth until optical 
density at 600nm reached 0.3. The major band in Lanes 
a-c migrates as a 46 kDal protein by comparison with 
protein molecular mass standards (Amersham) on a 
parallel lane.
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Fig. 9. Quantitative determination of FtsA protein in 
cells growing at different rates. Cell of D1210 (3 mis) 
growing at different doubling times (1, 30'; 2, 36'; 3, 
37'; 4, 58'; 5, 115'; 6, 125'; 7, 136'; 8, 146') were
pelleted and treated as described in Materials and 
Methods. Panel A, equal amount (200 mg) of total
cellular protein was run on each lane; Panel B, total 
proteins from equal number of cells (6xl08 cells) were 
run on each lane. The major band on these Western blots 
migrated identically to a 46 kDal standard.
Table 3. Concentration of FtsA protein at different growth rates.
doubling cell#/ml cell#/mass total FtsA FtsA 
medium per hour ODgoo=.3 (10°cells/ protein (molecules/ (% proteins)
(p) (10° cells/ml) OD450) (pg/ml) cell)
LB+0.4 % Glucose 2.00 1.0 2.51 33 200 0.0046
LB 1.67 1.1 2.62 31 175 0.0046
M9+1 % CAA+0.4 % Glucose 1.62 1.5 3.57 32 127 0.0044
M9+1 % CAA+0.4% Glycerol 1.03 2.0 4.11 32 100 0.0047
M9+0.4% Glucose 0.52 2.6 6.19 30 74 0.0048
M9+0.4% Glycerol 0.48 3.2 7.55 29 48 0.0040
M9+0.4% Succinate 0.44 3.4 8.09 26 45 0.0045
M9+0.4% Acetate 0.41 3.5 8.42 28 43 0.0041
The concentration of FtsA protein in the cell culture and the number of FtsA molecules per cell were estimated by 
comparing the density of bands in the immunoblot shown in Figure 5 with band densities of dilutions of purified FtsA 
protein shown in Figure 4. # =  number. CAA =  case-amino-acids. LB and M9 media as described (Miller, 1972).
61
essentially constant even though the number of cell 
doublings per hour (u) decreased. In contrast, the
quantity of FtsA protein per cell decreased as the
number of doublings per hour (u) decreased (Fig. 9B) . 
This decrease directly paralleled a decrease in the size 
of the cells. The data are numerically summarized in 
Table 3. In minimal medium with acetate as sole carbon 
source (M9 + 0.4% Acetate) there were, on average, 43 
molecules per cell. In complex media, such as LB with 
0.4% glucose, there were 200 molecules per cell (Table 
3, lane 6). The percentage of FtsA protein per total 
cellular protein was constant,with a mean of about .0045 
per cent ( Table 3, lane 7).
Discussion
FtsA is an essential component in septum formation. 
However, understanding its role in cell septation is 
difficult because in wild type cells it is synthesized 
in minute amounts and it is a membrane protein. The 
purification of a fairly homogeneous fraction of FtsA 
protein became quite straightforward after we realized 
that overproduced FtsA protein was localized in
inclusion bodies. The formation of these inclusion
bodies may be related to FtsA being a membrane protein, 
although it is also likely that FtsA exists as a
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multimeric protein. These inclusion bodies were 
isolated and FtsA was separated from the other cellular 
proteins. Even though it required severe denaturing 
conditions (6 to 8 M urea) to solubilize the inclusions, 
we were able to obtain a large amount of FtsA in near- 
homogeneous form and use it to develop monoclonal 
antibodies. Two hybridoma clones were isolated that 
produced monoclonal antibodies that cross-reacted 
against FtsA protein. The specificity of their purified 
monoclonal antibodies was confirmed by Western blots of 
gels. A single band was observed against purified FtsA 
protein, cell extracts from wild type cells and cell 
extracts from cells containing a plasmid that expressed 
high levels of FtsA. Thus these monoclonal antibodies 
interacted only with an epitope contained on the FtsA 
protein.
The ability to detect the FtsA protein in wild type 
cell extracts by Western blots allowed us to directly 
assay the physiological level of the FtsA protein in 
cells grown at different rates. We found that the 
quantity of FtsA protein was invariant with respect to 
total cellular protein or cell mass over a wide range of 
growth rates (Table 3, column 7). Since the total 
protein and cell mass per cell is greater in fast- 
growing E. coli cells than that of slow-growing cells
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(Table 3, columns 3 and 4), the fast-growing cells were 
larger and had more FtsA molecules per cell than the 
slow-growing cells. In eight different media, the 
number of FtsA molecules per cell varied from a high of 
200 (cells grown in complex media with glucose) to a low 
of 43 (cells grown in minimal media with acetate).
The finding that the amount of FtsA protein per 
mass is independent of growth rate is consistent with 
transcriptional studies of the ftsA gene reported by 
Dewar et al. (1989). They attached a lacZ reporter gene 
to the promoters within the 1.8 Kb EcoRl-Hindlll 
restriction fragment encoding ftsQ and most of ftsA. 
When a lambda lysogen containing this transcriptional 
fusion was assayed, the synthesis of LacZ (b- 
galactosidase activity) was found to vary in a dependent 
manner corresponding to the cellular growth rate and the 
number of chromosomes per cell. Since Mukherjee and 
Donachie (1990) had shown that the level of translation 
of FtsA is proportional to the level of transcription, 
the level of FtsA protein synthesis was proportional to 
the enzyme level. Thus, their data implied there to be 
more FtsA in faster growing cells that were larger in 
volume and contained more chromosomes per cell than in 
slower growing cells. The relevance of these expression 
studies has been lessened by the studies of Aldea et al.
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(1990). They reported on an activated "gearbox" 
promoter ftsQlp upstream of the ftsQ gene that is 
expressed when cells enter stationary phase of growth as 
well as a constitutive promoter ftsQ2p. Aldea et al. 
further reported that this gearbox-promoter was induced 
by a transition from exponential to stationary phase of 
growth and that there was an inverse relationship 
between FtsQ, FtsA and FtsZ synthesis and the cell's 
growth rate. Their divergent findings were somewhat 
explained by the fact that the 1.8 Kb ftsQ-ftsA fragment 
fused to lacZ in the earlier studies did not contain 
these upstream promoters. However, the finding of 
increased expression of ftsQ, ftsA and ftsZ genes in 
slower growing bacteria was somewhat intuitively 
inconsistant. Why would slow growing cells with a 
smaller mass need more cell division product than larger 
cells for septation?
Our data shows that FtsA protein concentration per 
total cell protein was essentially constant and 
independent of the cellular growth rates. The
discrepancy of our findings and the inverse relationship 
between FtsQ, FtsA and FtsZ protein synthesis and growth 
rate reported by Aldea et al. (1990) may be due to two 
reasons. First, they normalized their gel samples 
differently. We quantitated the total cellular protein
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of the cell extracts and loaded an equal amount of 
protein per well; whereas, they loaded an equal amount 
of total cell extract corresponding to 0.25 at ODgoo* 
Extracts of cells with a constant OD value at different 
growth rates nearly have the same amount of total 
protein per ml (see Table 3, column 5), but, the total 
number of cells per ml is considerably higher in slower 
growing cultures than in faster growing cultures at the 
same optical densities (Bremer and Dennis,1987; Table 3, 
columns 3 and 4) . If we utilize data from Table 3 and 
normalized the cell number from minimal medium with 
glucose to one, then LB grown culture at the same ODgoo 
would contain 0.4 times as many cells and minimal with 
glycerol culture would contain 1.2 times as many cells. 
Secondly, transcriptional initiation as Aldea et 
al. (1990) showed for ftsQ and ftsA genes is from two 
promoters, the gearbox promoter, ftsQlp, and a 
constitutive promoter, ftsQ2p. Transcription from 
ftsQlp is activated by a phase-transitional growth 
change whereas ftsQ2p is essentially constant at 
different growth rates. Our finding of a constant FtsA 
protein concentration regardless of growth rates 
suggests that the ftsQ2p promoter is the major ftsA 
expressing promoter in our strain and experimental 
conditions.
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The constancy of FtsA protein levels at different 
growth rates is similar to what has been found for DnaA 
protein (Hansen et al., 1991), an essential protein for 
the initiation of chromosome replication. There have 
been several reports that have suggested that FtsA 
function and DNA replication may be coupled (Tormo et 
al, 1980, 1985a, 1985b). For example, a study of the
conditional ftsA3 mutant reported that filaments, 
resulting from growth at the nonpermissive temperature, 
required DNA synthesis to recovery their ability to 
septate at the permissive temperature. The level of 
DnaA protein has also been reported to affect the 
expression of the ftsQ and ftsA genes. Masters et al. 
(1989) , using an fts-lac fusion phage, found that gene 
expression of the ftsQ and ftsA genes responded to both 
reduced and increased intracellular levels of DnaA 
protein. It is still not clear whether the effects are 
direct or indirect. The ftsA gene contains two DnaA 
boxes which conform to a stringent definition suggested 
by Fuller el al. (1984) of no more than one mismatch at 
position 3, 4, or 8 (Masters et al. , 1989). A possible 
third DnaA box is upstream in the ftsQ coding sequence. 
DnaA protein's concentration is one of the timing 
regulators for chromosomal replication in E. coli. By 
analogy, FtsA protein's concentration could be
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considered another timing factor for cell septation. 
That is, septation requires an accumulation of a 
threshold concentration of FtsA.
Acknowledgements
We thank Ron Siebeling and Janet Simonson for 
myeloma cells and their valuable help in the isolation 
of monoclonal antibody clones. We also thank Michael 
Orlowski for critical reading of the manuscript. This 
work was supported by Public Health Service grant 
GM3 6141 to R.C.G from the National Institutes of Health.
Chapter IV
Concluding Remarks
68
69
Summary of the Results
(1) . High-Level Expression of the FtsA Protein Inhibits 
Cell Septation in Escherichia coli K12: High-level 
expression of the ftsA gene was achieved by inserting 
the gene into plasmids downstream of IPTG-inducible lac 
or tac promoter. Elevated expression of the ftsA gene 
inhibited normal cell septation. Cells overexpressing 
ftsA formed long non-septate filaments that eventually 
died. In fact, bacterial cells could not be stably 
transformed by the ftsA-overexpressing plasmids unless 
they expressed a strong lacl gene, such as laclQ.
(2). Cellular Bulging from High-Level Expression of FtsA 
Protein in Escherichia colii After 2 or more hours of 
continuous ftsA overexpression, these filamentous cells 
developed large spherical bulges up to 4 um in diameter. 
These bulges may emanate from the potential septation 
sites, since they were evenly spaced in relation to one 
another and to the cell poles.
Transmission Electronic Microscopic observations of 
bulged cells revealed a large electron-lucent plate-like 
structure within the bulge region, that appeared to 
originate from the membrane. These bulging filamentous 
cells also contained more hexosamine per mass than
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control cells, thus it suggested that abnormal 
peptidoglycan synthesis at the septation sites might be 
occurring.
(3) . Quantitative Determination of FtsA at Different 
Growth Rates in Escherichia coli Using FtsA-specific 
Monoclonal Antibodies: Partially purified FtsA protein
was obtained by washing and differential solubilizing 
the proteins from inclusion bodies that were enriched in 
FtsA. This FtsA extract was used to immunize mice for 
the purpose of raising monoclonal antibodies. Two 
hybridoma clones were identified as FtsA monoclonal 
antibody producers by ELISA and Western blotting.
The Monoclonal Antibodies allowed the detection of 
FtsA protein in wild type cell extracts by Western 
blots. The average number of FtsA molecules per cell 
was estimated to be 175 in LB-complex broth and as low 
as 50 in minimal media with acetate as the carbon 
source. However, the quantity of FtsA protein
normalized to total cellular proteins was invariant over 
a wide range of growth rates. This finding is in 
agreement with the hypothesized role for FtsA protein as 
a stoichiometric component in septum formation.
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Prospectives and Models
The findings presented in this thesis suggest that 
a re-evaluation of FtsA role in cell septation is 
needed. FtsA protein has been speculated to function 
after initiation of septation because the phenotype of 
temperature sensitive ftsA mutants at the non-permissive 
temperature are filaments with slight indentations at 
putative septum sites. Our finding that elevated FtsA 
protein could inhibit cell septation implies that a 
proper association of FtsA with the "other'* septation 
proteins is also required for septum initiation. Thus, 
this data strongly supports the formation of a 
"septosome"-septum protein complex.
(1). FtsA, FtsQ, FtsZ, and PBP3 proteins are some of the 
components of the septum protein complex. Formation of 
the septum requires the combined action of a number of 
specific septation proteins (FtsQ, FtsZ, FtsA, etc., 
Donachie et al., 1984) together with a septum-specific 
peptidoglycan transpeptidase and transglycosylase 
(PBP3). FtsQ protein has a hydrophobic segment which 
could function as a membrane-spanning segment to 
localize FtsQ close to the outer surface of the 
cytoplasmic membrane. FtsZ protein, an cytoplasmic
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protein that can be membrane associated, has been proven 
to be located at the septum region (Lutkenhaus et al., 
1991). FtsA protein, a membrane protein that associated 
with the inner membrane/outer membrane junctions (Chon 
and Gayda, 1988), might also localize at the putative 
septation sites. PBP3, a complex protein with
transglycosylase and transpeptidase enzymatic activities 
which is required only for cell wall biosynthesis during 
septation, has been clearly identified as a septation 
protein (Suzuki et al., 1976). PBP3 may form part of 
the division complex (Broome-Smith et al., 1985). 
Therefore, it is possible that these cell septation 
proteins (FtsA, FtsQ, FtsZ, and PBP3) might associate 
with each other to form a functional septum protein 
complex in order to fulfill its required function in the 
cell septation.
(2) . In order for the septum complex to be functional, 
each component must be present at a constant ratio. To
form an functional septum protein complex, a constant
ratio between each component may be critical. The
number of FtsQ protein molecules in E. coli has been 
estimated to be approximately 22 per cell. The number 
of FtsZ molecules is approximately 20,000 per cell and 
is invariable over 10-fold range of cell mass. The
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number of FtsA protein molecules per cell in rich 
complex medium is estimated by this research to be 200. 
The number of PBP3 protein molecules per cell was 
estimated to be 50, and it is at an almost constant 
concentration during the E. coli division cycle 
(Wientjes et al., 1983). Since the level of the cell 
septation proteins (FtsZ, FtsA, and PBP3) with respect 
to cell mass is invariant over a large range, the rough 
ratio of the cell septation proteins
(FtsQ:PBP3:FtsA:FtsZ = 2:50:200:20,000 = 1:2:10:100) is 
possibly constant and critical for the formation of the 
functional septum protein complex.
One experiment to test if the ratio between the 
septum proteins (FtsZ/FtsA, for example) is critical for 
the formation of a functional septum complex is to test 
if elevated FtsZ could rescue the FtsA-overexpressing 
phenotype. To test it, we could increase the level of 
FtsZ protein in the ftsA-overexpressing strain by 
transforming plasmids that overexpress these two septum 
proteins. If cells overproducing both FtsA and FtsZ 
proteins could retain their short rod, or shorter 
filamentous phenotype, it suggested that overproduction 
of FtsZ protein could rescue the FtsA-overexpressing 
phenotype. It then suggested that the ratio between the
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FtsZ and FtsA proteins is critical for the function of 
the septum complex.
(3) . Excess FtsA protein not only disrupted the septum 
protein complex, but may also stimulated peptidoglycan 
synthesis at the potential septation sites. This is 
because that the bulging filamentous cells contained 40- 
50% more hexosamine per mass than control cells. Thus, 
excess FtsA protein could stimulate the abnormal 
peptidoglycan synthesis either directly, or indirectly 
through the activation of some other enzymes which are 
involved in the septation growth.
FtsA protein might be the enzyme directly involved 
in the peptidoglycan synthesis of the septum, FtsA 
protein shares some strikingly similarities with an 
enzyme which has carboxypeptidase II activity. First, 
both the FtsA and the Carboxypeptidase II activity has 
been reported to reach a peak before cell division in 
normal cells and also to show a sharp increase in 
activity just before the resumption that had been 
returned to 3 0 C after a period of growth without 
division at 42 C (Beck et al., 1976). Secondly, The 
mutation causing the temperature-sensitive cell division 
block in the BUG6 strain used to study the inactivation 
of carboxypeptidase II has now been shown to be in the
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ftsA gene (Robinson et al., 1988). Finally, both FtsA 
and Carboxypeptidase II can interact with a septum- 
specific peptidoglycan transpeptidase and
transglycosylase (PBP3), which is required only for cell 
wall biosynthesis during septation (Botta et al., 1981).
A protein-protein interaction between PBP3 and FtsA 
was suggested by a genetic study. A particular ftsA 
(ts) mutation was found to inactivate the activity of 
PBP3 at the non-permissive temperature(Tormo et al., 
1987). The Carboxypeptidase II, however, is believed to 
provide substrate for PBP3 in the peptidoglycan
synthesis activity. Therefore, FtsA may be the enzyme 
directly or indirectly involved in the peptidoglycan
synthesis of the septum.
To further support the above possibility, an
investigation of the enzymatic activities of the FtsA 
protein is needed. We could purify the FtsA protein and 
provide appropriate substrates to assay for enzymatic 
activities involved in peptidoglycan synthesis. The 
product(s) of FtsA-catalyzed reaction in vitro could be 
analyzed by high performance liquid chromatography 
(HPLC). If excess amount of larger peptidoglycan 
matrices were formed as the result of FtsA-catalyzed
reaction, it suggested that FtsA protein could catalyze 
and stimulate the formation of the larger peptidoglycan
76
matrices. This in vitro enzymatic activity of FtsA 
protein might imply its homologous function in vivo, as 
an enzyme directly or indirectly catalyze and stimulate 
the peptidoglycan synthesis of the septum.
Also, FtsA could be stimulating peptidoglycan 
synthesis through the activation of some other enzymes 
involved in septation. These possible complex
interactions may be investigated by similar in vitro 
studies as described above. The only difference is that 
we need set up an in vitro enzymatic assay including 
both FtsA and other enzymes involved in the 
peptidoglycan synthesis. If FtsA does interact with 
enzymes involved in the peptidoglycan synthesis and then 
activate the activity of peptidoglycan synthesis, it 
will support the model that FtsA protein indirectly 
stimulate the abnormal peptidoglycan synthesis.
Why would overproduction of the FtsA protein cause 
bulging on the filamentous cells? A possible
explanation for the formation of the bulges can be 
proposed by the surface stress model for bacterial cell 
wall growth proposed by Koch (Koch et al., 1985). In 
this model, it was proposed that the cell wall is always 
under stress due to osmotic pressures and surface 
tension. Consequently, cell wall growth follows the 
"make-before-break principle", i.e., the new
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peptidoglycan matrix are spliced and inserted into the 
cell wall matrix before the bonds holding the old 
"stressed” matrix are cut. During septation, the 
prefabricated peptidoglycan matrices are preferably 
inserted into the cell wall at the septum site (Nanninga 
et al., 1991). Cell bulging could be explained by 
insertion of excess peptidoglycan at the septum, which 
was stimulated by the elevated FtsA. This increased 
peptidoglycan would weaken the wall so that surface 
tension and osmotic pressure pushes it outward, causing 
its formation of bulges at the potential septation 
regions on the filamentous cells.
A possible explanation for the increase in the 
osmotic pressure within the bulging region can be 
explained by water accumulation. The electron-lucent 
plate-like structures could be regions of smaller 
peptidoglycan matrix filled with water. The
accumulation of the water within the bulging regions, 
which resulted from the possible existence of the 
smaller peptidoglycan matrix, substantially increase the 
osmotic pressure in the bulged region. The increased 
osmotic pressure at the bulge region pushed the cell 
wall outward and caused the formation of the bulges on 
the filaments.
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In conclusion, the FtsA protein must be a key
protein in a septum protein complex. Its role in this
complex may be multifunctional. It is a membrane
protein that affects peptidoglycan synthesis and the
coordination of envelope invagination. It exits between 
50 and 200 molecules per cell depending on growth 
conditions but its level is constant around 0.004% per 
total cell protein. This level is essential because 
septum cannot form with either too much or too little 
FtsA.
i
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